arily conserved interaction with the NF-B pathway, which we demonstrate in the present study, we propose Introduction renaming the mammalian twist and dermo-1 genes, twist-1 and twist-2, respectively.
and
). To further investigate the function of twist-2 in vivo, we generated twist-2 null mice by replacing the first exon of the gene with a neomycinresistance/Cre recombinase cassette by homologous recombination (Figure 2A ). Wild-type and mutant alleles were identified by Southern hybridization or PCR of genomic DNA (Figures 2B and 2C ). Twist-2 mRNA was undetectable in tissues from homozygous mutant mice, but was readily detectable in wild-type and heterozygous samples ( Figure 2D and data not shown).
Mice heterozygous for the mutant twist-2 allele were viable and fertile and showed no apparent phenotype. Intercrosses of twist-2 heterozygotes in an inbred (129/ Sv) background yielded homozygous mutant offspring at predicted Mendelian ratios. At birth, homozygous mutants were indistinguishable from wild-type littermates, but after a few days, they were recognizable by their 10 days of age ( Figure 2G ). All mutant pups showed normal suckling behavior and we routinely found milk in their stomachs. twist-2 Ϫ/Ϫ mice also showed notable Results skin abnormalities, with dramatically thin skin and sparse hair. Internal organs were often visible through TNF␣ Activates twist Expression through the skin. There was also a complete absence of subcutathe NF-B Signaling Pathway neous fat at the nape of the neck, and subsequent analyIn Drosophila, the NF-B-like transcription factor dorsal sis of internal organs revealed severe fat deficiency in activates twist expression through binding to B sites the mutants (see below). in the twist promoter (Jiang et al., 1991) . To determine In light of the sequence homology and overlapping if this aspect of twist regulation might be conserved expression patterns of twist-1 and -2, we investigated in vertebrates, we tested whether twist-1 and -2 were whether there might be a critical dosage of the two regulated by TNF␣, a well-known activator of the NF-B genes by intercrossing twist-1 ϩ/Ϫ and twist-2 ϩ/Ϫ mice. pathway. Indeed, stimulation of immortalized mouse fiWhereas mice heterozygous for either gene alone were broblasts with TNF␣ evoked an increase in expression normal, compound heterozygotes showed similar postof twist-1 and -2 transcripts (Figure 1 ). Twist genes were natal wasting and lethality as in twist-2 Ϫ/Ϫ mice (Figure also induced by TNF␣ in 10T1/2 and NIH3T3 cells (data 2H and data not shown). The double heterozygous mice not shown). The IB␣ and TNF␣ genes, which are known were present at normal Mendelian ratios at birth. transcriptional targets of NF-B, were also induced by TNF␣ stimulation.
Growth Retardation, Cachexia, and Perinatal To determine whether the induction of twist expresLethality in twist Mutant Mice sion by TNF␣ was dependent on NF-B, we measured
We performed histopathologic examination of internal twist-1 and -2 expression in immortalized fibroblasts organs of twist-2 Ϫ/Ϫ and twist-1 ϩ/Ϫ /twist-2 ϩ/Ϫ neonates derived from p65 Ϫ/Ϫ mice. Twist-1 and -2 were not inducto determine the cause of death. Adipose deficiency and ible in p65 Ϫ/Ϫ fibroblasts (Figure 1) . Expression of TNF␣ atrophy were observed in multiple tissues from mutant and IB␣ was also reduced in mutant cells, consistent animals during the neonatal period ( Figure 3A ). In the with their known dependence upon NF-B. These findskin, we observed atrophy with hyperkeratosis in the ings demonstrate that twist genes are induced by TNF␣ epidermis. The dermis was particularly atrophic with a in an NF-B-dependent manner, like other well-characprominent reduction in the amount of subcutaneous fat, terized TNF␣-responsive genes.
which resulted in a striking decrease in dermal thickness. Hair follicles were reduced in number and often distorted in shape ( Figure 3A) . Interscapular brown fat Generation of twist-2 Ϫ/Ϫ and adipocytes were also atrophic and had fewer lipid cytotwist-1 ؉/Ϫ / twist-2 ؉/Ϫ Mice plasmic vacuoles than wild-type ( Figure 3A) . Adipose The mouse twist-1 and -2 genes share a common intron/ deficiency was confirmed by staining liver and brown exon organization, which likely reflects an evolutionarily fat sections with Oil Red O ( Figure 3B ). The spleen of the ancient gene duplication event. Both genes consist of twist-2 Ϫ/Ϫ neonates showed effacement of the normal two exons, separated by a large intron, with the entire microarchitecture due to severe lymphoid depletion in the white pulp ( Figure 3A) . The thymus showed an incoding region located in exon 1 (Chen and Behringer, creased number of apoptotic bodies, an abnormality 3E). On day 18 of gestation, immediately prior to birth, the livers of twist-2 Ϫ/Ϫ and wild-type fetuses had compathat progressed perinatally, resulting in effacement of normal thymic microarchitecture, poor definition of the rable levels of glycogen (data not shown). Thus, the absence of twist-2 interferes specifically with postnatal cortex and medulla, and thymus atrophy ( Figure 3A) . In the liver, hepatocytes were also atrophic and devoid of glycogen storage and energy metabolism. microvesicular vacuolization (data not shown), consistent with the loss of hepatic glycogen stores (see below).
Increased Proinflammatory Gene Expression in twist-2 Mutant Mice Skeletal muscle also showed an increased number of apoptotic cells and, in older pups, myofiber breakdown
The cachectic phenotype of twist-2 mutant mice appeared remarkably similar to the phenotype of mice was observed (data not shown and Figure 3C ).
The disruption in energy homeostasis in twist-2
overexpressing proinflammatory cytokines such as TNF␣ (Cheng et al., 1992) . Notably, both twist-2 Ϫ/Ϫ and mice was also evidenced by abnormalities in glucose metabolism and storage. Measurements of serum glu-TNF␣ transgenic mice exhibited postnatal growth retardation, adipose deficiency, skin hypoplasia with hypercose from one-day-old mice showed that mutants suffered from hypoglycemia ( Figure 3D ). In addition, glycokeratosis, abnormal hair growth, progressive wasting, and death within 3-4 weeks after birth. We therefore gen was absent from skeletal muscle and liver (Figure examined whether cytokine expression might be upregsion was a cell-autonomous effect of twist-2 deficiency, rather than a systemic response, we isolated dermal ulated in twist-2 mutants, which could result in cachexia. We examined the expression of transcripts for the proinfibroblasts from wild-type and twist-2 Ϫ/Ϫ mice and compared the levels of cytokine expression in vitro. Fibroflammatory cytokines TNF␣ and IL-1␤ in skin and skeletal muscle, in which twist-2 is normally expressed at blasts isolated from mutant mice and cultured in vitro showed elevated levels of TNF␣ and IL-1␤ mRNA (Figure high levels. As shown in Figure 4A , transcripts for both cytokines were upregulated in these perinatal tissues 4B). These findings indicated that twist-2 deficient cells exhibited an intrinsic defect that resulted in upregulation from twist-2 mutants. We also observed elevation of IL-6 mRNA in mutant skin and spleen (data not shown).
of proinflammatory cytokines. Since increased expression of TNF␣ in the skin can To determine whether elevation of cytokine expres- lead to systemic elevation of TNF␣ protein levels in the fect of twist-2 Ϫ/Ϫ cells is the upregulation of TNF␣, and twist Ϫ/Ϫ mice show extensive apoptosis, we tested serum (Cheng et al., 1992) , with resulting cachexia and other degenerative abnormalities resembling those in whether twist-2 Ϫ/Ϫ cells were hypersensitive to TNF␣-induced apoptosis. To address this question, we cultwist-2 mutant mice, we measured serum TNF␣ protein levels in one-day-old mice to determine whether intured fibroblasts from wild-type and mutant embryos in vitro and treated them with TNF␣. Apoptosis was then creased systemic TNF␣ levels might account for the mutant phenotype. The amount of TNF␣ was quantified assessed using annexin V staining and annexin-positive cells were counted by flow cytometry. Whereas both by adding serial dilutions of serum samples to TNF␣-sensitive WEHI-13VAR cells and analyzing the efwild-type and mutant fibroblasts showed dose-dependent TNF␣ cytotoxicity, mutant cells were sensitized to fect on viable cell numbers with a colorimetric assay. As shown in Figure 4C , serum from twist-2 mutants the effects of TNF␣ and showed a greater than 2-fold increase in cell death ( Figures 5C and 5D ). This demonshowed significantly higher levels of TNF␣ than from their wild-type littermates. Collectively, these observastrates that elevated TNF␣ levels are indeed a contributing factor to the increased apoptosis in mutant mice. tions demonstrate that tissues that normally express twist-2, when devoid of it, upregulate proinflammatory cytokine mRNA levels, which can lead to a systemic Twist Binds to and Inhibits Cytokine increase in serum cytokines.
Promoter Activity In light of the finding that mutant tissue shows elevated cytokine expression, we tested whether twist proteins Twist-2 Ϫ/Ϫ Cells Are Sensitized to Cytokine Induced Apoptosis inhibited the activity of various cytokine promoters. Twist-1 and -2 inhibited both basal and inducible activity Twist-2 mutant mice showed dramatic postnatal atrophy of multiple tissues. Cellular loss was particularly apparof the IL-1␤ promoter ( Figure 6A ). Basal activity of the TNF␣ promoter was also inhibited by both twists (Figure ent in the dermis ( Figure 5A ). This prompted us to perform TUNEL assays for apoptosis on skin sections from 6A). The potential of twist-2 to suppress TNF␣ expression was further tested by transiently transfecting the twist-2 Ϫ/Ϫ and wild-type mice. Consistent with the lack of apparent abnormalities in mutant embryos before TNF␣-luciferase reporter into primary fibroblasts derived from wild-type and twist-2 mutant mice. TNF␣ probirth, there was no difference in apoptosis in the skin or other tissues analyzed at various prenatal times (data moter activity was reduced in wild-type fibroblasts, which express twist-2, compared to twist-2 Ϫ/Ϫ cells not shown). However, the skin of one-day-old mutant mice showed a marked increase in the number of TUNEL-( Figure 6A ). Twist did not repress transcription non-specifically, since we did not observe repression of a CMVpositive nuclei in the dermis, indicative of extensive apoptosis ( Figure 5B ). We did not observe any increase in driven promoter by twist (data not shown). These observations, together with the fact that twist-2 Ϫ/Ϫ cells and apoptosis in the epidermis where twist-2 is not expressed. We also observed an increase in the number tissues upregulate TNF␣ and IL-1␤ mRNA, support the conclusion that twist proteins can inhibit cytokine proof TUNEL-positive nuclei in some other tissues that normally express twist, such as the liver, skeletal muscle, moters. Many cytokine promoters, including those of the and bladder from one-day-old mutant mice (data not shown).
TNF␣, IL-1␤, and IL-6 genes contain E boxes, consensus binding sites for bHLH proteins. To determine if twist TNF␣ is a proapoptotic factor that causes dosedependent cytotoxicity. Since an inherent molecular decan bind directly to cytokine promoters, we performed gel mobility shift assays using E box containing regions ity, using a luciferase reporter driven by four canonical B binding sites (4xB-luc). This reporter can be induced of the TNF␣ or IL-1␤ promoters. Both twist-2 and -1 were able to bind these promoters either as homo-or by p65 or treatment with TNF␣. In either case, activation of the reporter was strongly inhibited by twist-2, as well heterodimers with the ubiquitous bHLH protein E12 (Figure 6B) . To test if twist binding to cytokine promoters as twist-1 ( Figure 6D ). These findings suggested that twist inhibits NF-B-dependent transcriptional activaoccurs in vivo, under physiological conditions, we performed chromatin immunoprecipitation (ChIP) assays, tion. In contrast to the repressive activity of twist proteins, the bHLH protein myogenin showed no repressive using an antibody that recognizes both twist-2 and -1. For this assay, we used NIH3T3 cells since they show activity. These findings indicate that the cytokine inhibition by twist does not reflect a general inhibitory redramatic upregulation of endogenous twist-2 mRNA after a 2 hr exposure to cytokines (data not shown). As sponse to bHLH proteins. NF-B activity can be inhibited by several mechashown in Figure 6C findings support the notion that twist inhibition of NF-B is cytokine promoter-specific. We demonstrate that twist can negatively regulate reader.
Experimental Procedures RT-PCR
Total RNA was isolated using Trizol, according to the manufacturer's Targeting twist-2 and Generation of twist-2 Ϫ/Ϫ Mice recommendations (Invitrogen). The RT-PCR procedure was de-A 7.0 kb EcoRI-NotI genomic fragment upstream of the mouse scribed previously (Š oš ić et al., 1997). All RNA samples were treated twist-2 coding region, and a BspEI-HindIII 1.5 kb genomic fragment with DNase. PCR reactions were performed with gene-specific primdownstream of the twist-2 coding region, was used as long and ers that span at least one intron (primer sequences available upon short arm, respectively, in the construction of the targeting vector. request). A cre-FRT2-neo expression cassette was inserted between the two regions, resulting in a vector designed to delete the entire coding TUNEL Staining region of twist-2. RW4 ES cells were electroporated using the tar-TUNEL staining on formalin-fixed, paraffin-embedded, and secgeting vector. Positive clones were identified using Southern and tioned tissues was performed using the Fluorescein Apoptosis De-PCR. Blastocyst injection was performed according to standard tection System (Promega), according to the manufacturer's instrucprotocols. Chimeras were bred with 129/Sv mice to establish the tions. twist-2 deletion on the 129 inbred genetic background.
Annexin V Staining and Flow Cytometry Histological Analysis
MEFs were seeded at a density of 6 ϫ 10 4 cells per well in 12-well Unless otherwise indicated, animals were autopsied on the first day dishes the night before treatment. The following day, cells were of life. Tissues were fixed in 10% buffered formalin overnight at 4ЊC, treated with 10 or 50 ng/ml of recombinant murine TNF␣ (R&D Sysparaffin-embedded according to standard protocols, and sections tems), in combination with actinomycinD (100 ng/ml), or actinomy- Jiang, J., Rushlow, C.A., Zhou, Q., Small, S., and Levine, M. (1992) .
